I n this investigation a simplified variable-pressure paired neck chamber was developed as a practical alternative to traditional neck collar designs used to study the arterial baroreceptor reflex in humans. The purpose of this new design was to extend the use of the noninvasive neck chamber method of baroreceptor investigation to teachers of physiology. Performance tests indicate that these new chambers are capable of delineating the stimulus-response relationship for both the blood pressure baroreflex [sensitivity ϭ 0.425 Ϯ 0.13 mmHg mean arterial pressure (MAP)/mmHg neck chamber pressure (NCP); range ϭ 24.9 Ϯ 4.6 mmHg MAP] and the heart rate baroreflex (sensitivity ϭ 0.273 Ϯ 0.12 beats . min Ϫ1. mmHg NCP Ϫ1 ; range ϭ 16.7 Ϯ 6.8 beats/min). This was achieved by applying localized positive and negative air pressures to the carotid sinuses throughout the range from ϩ60 to Ϫ60 mmHg in steps of 20 mmHg. This simplified neck chamber method offers distinct methodological advantages over traditional neck collars, making it a valuable tool for demonstrating baroreflex regulation of the circulation. S60-S66, 1999. Key words: carotid baroreceptors; cardiovascular; neck suction Experimental techniques in physiology often are not accessible for the purpose of teaching unless the institution conducts specialized research in a given field. This problem can be further complicated by the lack of availability of noninvasive methods that are preferable for the demonstration of key physiological mechanisms in a learning environment. The study of baroreflex blood pressure control is one such mechanism that provides students with a valuable insight into regulation of the circulation. This is also an example, however, of a case in which practiced research methods have not made the transition into the teaching laboratory, and that is the problem addressed here.
Experimental techniques in physiology often are not accessible for the purpose of teaching unless the institution conducts specialized research in a given field. This problem can be further complicated by the lack of availability of noninvasive methods that are preferable for the demonstration of key physiological mechanisms in a learning environment. The study of baroreflex blood pressure control is one such mechanism that provides students with a valuable insight into regulation of the circulation. This is also an example, however, of a case in which practiced research methods have not made the transition into the teaching laboratory, and that is the problem addressed here.
Study of the carotid baroreflex was greatly expanded after the original development of the noninvasive variable-pressure neck chamber method (9) . Because of the accessibility of the carotid sinus, with the use of this approach the carotid baroreceptor afferent nerve activity may be manipulated directly, which was not previously possible in human volunteers. The blood pressure, heart rate, and vascular responses to altered baroreceptor input can then be studied to gain important information concerning autonomic regulation of the circulation. Since its inception over 40 years ago, however, during which time there have been several advances to the original neck chamber (5, 15, 3, 11, 12) , this method has not been widely implemented in the learning environment. This lack of application appears to be related, at least in part, to difficulties in manufacturing neck chamber devices. Specifically, these chambers are required 1) to maintain an airtight seal around the anatomy of the neck and mandible and 2) to be capable of delivering both positive and negative air pressures. The purpose of this paper then is to extend to teachers of physiology the ease and effectiveness of a new variable-pressure paired neck chamber used to study and/or demonstrate baroreflex blood pressure control in humans. The device presented here is an adaptation of the paired neck chamber originally developed by Kelly et al. (12) .
METHODS

Theory of neck chamber technique.
The application of pressure to the skin overlying the carotid sinuses influences the frequency of nerve impulses arising from the baroreceptors. With the onset of neck suction there is an increase in afferent nerve impulse frequency that simulates arterial hypertension, the autonomic response to which is a reduction in heart rate and blood pressure. Conversely, positive neck pressure simulates arterial hypotension by reducing the baroreceptor impulse frequency, resulting in opposite autonomic responses. Within the linear range, the measured changes in heart rate and blood pressure are proportional to the degree of neck suction (baroreceptor stimulation) and pressure (baroreceptor inhibition), allowing the stimulus-response relationship to be calculated. An example of the responses elicited using the paired neck chambers developed in this investigation is shown in Fig. 1 .
Construction of neck chambers. Historically, neck chambers have evolved from devices that covered the neck and upper thorax (9, 13) or the entire head (3) to neck collars made from sheet lead (5), glass fiber, silicone rubber (15) , and, more recently, molded thermoplastic materials (2, 11) . The paired neck chamber, again molded from thermoplastic, is the most recent development that allows access to the suprasternal notch for the simultaneous measurements of aortic blood velocity, blood pressure, and heart rate (12).
FIG. 1.
Representative recording from one subject generated using the simplified paired neck chamber device. Left trace indicates reflex slowing of heart rate [change in heart rate (⌬HR) ϭ Ϫ3.5 beats/min; change in pulse interval (⌬R-R) ϭ 130 ms] and associated arterial hypotension [change in mean arterial pressure (⌬MAP) ϭ Ϫ13 mmHg] in response to neck suction at Ϫ60 mmHg. Right trace shows reflex rise in heart rate (⌬HR ϭ 7 beats/min, ⌬R-R ϭ Ϫ220 ms) and arterial pressure (⌬MAP ϭ 21 mmHg) in response to 60-mmHg positive neck chamber pressure. NCP, neck chamber pressure; BP, blood pressure; ECG, electrocardiogram.
The design presented here is an adaptation of the paired neck chambers developed by Kelly et al. (12) . The key features of the system are the chambers themselves, which were adapted from commercially available industrial ear protectors (North, Hyde, UK). This new device is ideal for positioning over the carotid sinuses and comes already cushioned with an airtight polyvinyl chloride (PVC) rubber surround to form a dependable seal against the contours of the anterior lateral neck. The simple process of modification was performed as follows. The ear protection cups (chambers) were first detached from the head strap of the intact unit by removing a rubber fitting located through a port in the center of each chamber. A tapered suction connector was then introduced through the port of each chamber and coated with a silicone sealant (Dow Corning) to ensure that an airtight seal was maintained. After these modifications have been made, the chambers may then be used for the delivery of neck suction. For the delivery of positive air pressure, a latex rubber membrane was attached to the cushioned PVC rim of two additional chambers using adhesive (Evostik). When inflated with air this membrane distends against the neck tissue, producing a relative compression of the carotid artery. It is possible to use the same pair of chambers for the delivery of both neck suction and positive pressure by fitting a valve mechanism to the latex rubber membrane, as detailed by Kelly et al. (11) . However, through our experiences in this laboratory it has proved simpler to use separate pairs of chambers. The chambers modified for use in this investigation are shown in Fig. 2 .
Once adapted, the neck chambers were connected through suction hosing to a pressure delivery circuit, as detailed in Fig. 3 . This circuit was arranged to ensure the accurate and rapid delivery to the neck chambers of forces initiated when a mechanical clamp is released. Throughout the period of measurement, pressure in the chambers was monitored using an electronic pressure transducer (Sensym, SX05DN, Farnell Electronics), which, although not essential, provides a continuous feedback of the stimulus intensity. Suction pressure in the reservoir was generated with a standard vacuum cleaner, and the degree of suction pressure was regulated with an adjustable transformer (Variac, Zenith Electric) (a sliding valve mechanism in the vacuum hosing will suffice). For the data generated in this report, positive air pressure was delivered through a rapid cuff inflator (Hokanson, Bellevue, WA) connected directly to the neck chamber tubing. However, a simple positive pressure pump may be used to pressurize the reservoir as described for the delivery of suction forces (Fig. 3) .
Measurement protocol. Eight male subjects 26 Ϯ 1.1 yr of age (mean Ϯ SE), 178 Ϯ 1.9 cm in height, and 71 Ϯ 3 kg in body mass volunteered to participate in a study to validate the effectiveness of the paired neck chambers. The experiment was formally approved by the Human Ethics Committee of Liverpool John Moores University. These subjects were physically active and presented with arterial blood pressure within the normal range for the population (mean arterial pressure ϭ 80.2 Ϯ 2.2 mmHg).
To ensure that neck chambers were placed in the correct position, each carotid artery was first palpated and the overlying skin marked. The chambers were then secured onto the neck by using a Velcro strap to maintain a dependable seal (Fig. 4) . With the head supported in an extended position, each stimulus was then applied for 20 s at suction levels of Ϫ20, Ϫ40, and Ϫ60 mmHg and positive pressure at levels of 20, 40 and 60 mmHg. This time interval was chosen to allow for completion of both rapid vagal and slower acting sympathetic nerve responses (14) . Each stimulus was presented during the early to middle phases of expiration, when pulse interval responses have been shown to be greatest (7, 8) , and subjects were asked to maintain a normal respiratory depth and rate throughout. Blood pressure and heart rate were then allowed to return to baseline level between the successive applications of pressure.
Continuous recordings of pulsatile systemic arterial blood pressure were recorded from the digital artery of the finger using the Finapres device (Ohmeda Finapres 2300, Englewood, CO). This instrument uses a photoplethysmographic technique to monitor changes in finger blood volume continuously, with the principle of operation being that the air pressure supplied to the finger cuff to maintain a constant finger blood volume, and thus zero digital artery transmural pressure, equates to digital artery pressure. Continuous records of the electrocardiogram (LifeTrace 12, Albury Instruments) and neck chamber pressure were also recorded on-line throughout the Calculation of blood pressure and heart rate baroreflex variables. Baroreflex variables were calculated from the relationships between neck chamber pressure (NCP) and the change in mean arterial pressure (NCP-⌬MAP) and heart rate (NCP-⌬HR). The ⌬MAP and ⌬HR values were calculated by subtracting the average MAP (5 cycles) and HR (3 cycles) values immediately before the onset of the stimulus from the maximum response during neck suction and neck pressure. Maximum baroreflex sensitivity was calculated from each stimulus-response relationship by least-squares linear regression analysis of every three consecutive data points. In addition, total buffering capacity of the baroreflex was taken as the total range of the NCP-⌬MAP and NCP-⌬HR stimulus-response relationships.
RESULTS
The mean (ϮSE) rate of pressure development within the paired neck chambers was Ϫ840 Ϯ 22 mmHg/s for suction and 977 Ϯ 55 mmHg/s for positive air pressures. This rapid rate of force development, depicted by the neck chamber pressure trace in Fig.  1 ., is an important consideration for baroreceptor stimulation (6) . During the application of neck suction with the paired neck chambers there was a reflex slowing of heart rate followed by a decrease in blood pressure. Conversely, positive neck chamber pressure led to a reflex rise in heart rate associated with an increase in arterial pressure (Fig. 1) . Plotting the entire baroreflex functions revealed the sigmoid-shaped stimulus-response relationship for both the blood pressure and heart rate variables (Figs. 5 and 6 ). The blood pressure baroreflex (n ϭ 16) displayed a maximum sensitivity of 0.425 Ϯ 0.13 mmHg MAP/mmHg NCP and a total range of 24.9 Ϯ 4.6 mmHg MAP ( Fig  5) . For the heart rate baroreflex (n ϭ 16), maximum sensitivity was 0.273 Ϯ 0.12 beats . min Ϫ1. mmHg NCP Ϫ1 , with a total stimulus-response range of 16.7 Ϯ 6.8 beats/min (Fig. 6 ).
DISCUSSION
The aim of this communication was to extend a useful experimental approach for the study of arterial blood pressure regulation in humans to teachers of physiol- ogy. This new design offers major practical advantages over traditional neck chamber arrangements while allowing a meaningful interpretation of the indexes of baroreceptor function. The drawbacks to this modified neck chamber are also discussed here, although from the results gained these drawbacks do not preclude its use as a valuable teaching and research tool.
Advantages of the approach. The major advantage of the simplified paired neck chamber is the simplicity with which it can be constructed, requiring only basic modifications to a commercially available product.
Other authors have described variable-pressure chambers that are constructed by molding material directly onto the skin to achieve an airtight seal (2, 11, 15) . With the use of this approach, however, it is difficult to manufacture one chamber to fit all subjects. The paired neck chambers used in this study eliminate the molding process altogether, thereby reducing both the labor and financial costs of production. Other methodological benefits of the device relate to the generation and maintenance of air pressures. Because of the small chamber volume, air is quickly evacuated and introduced, resulting in a rapid presentation of the stimulus to the carotid sinus, an important determinant of the baroreflex response (6) . Furthermore, these new chambers produce a reliable seal against the skin of all subjects tested while maintaining a stable pressure throughout the period of measurement (Fig. 1) .
Limitations of the approach. From the experiments conducted in this laboratory, the main disadvantage of the paired neck chamber is its inability to challenge the baroreceptor input in a given proportion of volunteers, ϳ30%. Such a problem may relate to differences in the anatomic position of the carotid sinus because, in all cases, the external pressures applied to the carotid arteries were well maintained. A carotid bifurcation located superior to the border of the mandible would be predicted to escape the stimulus of altered arterial transmural pressure, thereby producing a diminished cardiovascular response. However, it was not possible to confirm this from the present study. Other authors have not reported the failure rate of traditional neck chambers, although it is reasonable that a stimulus applied to the entire anterior aspect of the neck is sufficient to influence the baroreceptor input in most subjects.
With regard to the safety implications of this noninvasive method, we have observed symptoms of lightheadedness in only two volunteers during the application of neck suction in this laboratory; all other volunteers remained asymptomatic throughout. On one occasion, symptoms of syncope presented when neck suction was commenced immediately after maximal cycling exercise in a subject with marked postexercise hypotension. On the other occasion, symptoms were associated with the use of a very high suction pressure beyond that used in this communication. The symptoms just described were quickly reversed in both of these instances on immediate withdrawal of the stimulus. Students of physiology who are supervised while using this method, under resting conditions within the range of pressures reported here, therefore are not considered to be at risk. In support of the suitability of the neck chamber as a teaching and research tool, to our knowledge other authors have reported no adverse effects using this method of baroreceptor investigation.
Performance of paired neck chamber. Analysis of the blood pressure and heart rate responses derived using the paired neck chambers revealed the predicted sigmoid-shaped stimulus-response relationships as shown in Figs. 5 and 6. This is only possible if the arterial baroreflex is forced into both the threshold and saturation regions of receptor firing by using an appropriate stimulus range of 120 mmHg. From performance tests conducted at a stimulus intensity of Ϫ40 mmHg, the mean heart rate and pulse interval (R-R) responses using the paired neck chambers were within the range reported for conventional neck collar designs (Table 1 ). This range in the pulse interval response between neck chambers is large (233 ms), however, which may relate to the different subject populations examined in these investigations. Kelly et al. (12) addressed this problem and reported that pulse interval responses were attenuated with the use of a more localized paired neck suction stimulus compared with the use of a lead collar (Table 1) , although the explanation for this observation is presently unclear. Additional support for the effectiveness of the device reported here is its ability to detect the predicted changes in both the blood pressure and heart rate baroreflex associated with strenuous dynamic exercise (4).
The choice of the measurement tool also influences the quality of the results gained, given the speed of the cardiovascular response. Although the best results were obtained using on-line measurements of neck chamber pressure, the electrocardiogram, and pulsatile blood pressure (Fig. 1) , this does not preclude the use of the paired neck chamber as an effective teaching tool. Assessments of baroreceptor function can be performed using standard auscultatory techniques (16), although it would prove difficult to define the entire stimulus-response relationship because of problems in synchronizing the stimulus and the measured response. Alternatively, measurements can be confined to those of heart rate using a simple bipolar electrocardiogram without any loss of interpretation.
In conclusion, the simplified paired neck chamber method offers certain practical advantages over other traditional neck collars used to study human arterial baroreflex function. The cardiovascular response to baroreceptor challenges can be measured using a simple bipolar electrocardiogram. Performance tests indicate this new device is capable of delineating both the blood pressure and heart rate baroreflex relations, making it a valuable teaching and demonstration tool.
